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Abstract

Recent improvements in computational capability and DSN technology have ren ewed interest in examiuing
the possibility of using onc-way Doppler data alone to navigate interplanctary spacecraft, The one-way data
can be formulated as the standard differenced-count Doppler o1 @ phascmicasurements, and the data can be
received a a single station or differenced if obtained simultancously at two stations. A covariance analysis is
performed which analyzes the accuracy obtainable by combinations of onc-way Doppler data and compared
with similar results using standard two-way Doppler andrange The sample iuterplanetary trajectory used
was that of the Mars Pathfinder mission to Mars. It is shown that differenced one-way data is capable of
determining the angular position of the spacecraft to faivly high accuracy, but has relatively puar sausitivity to
the range. When combined with single station data , the position dispersions are roughly an order Oﬂi magtude
larger inrange and comparable in angular position as compared to dispersions obtained with standard ‘data
two-way types. It was also found that the phase formulation is less sensitive to data weight variations and
data coverage thanthe diflerenced-count Doppler formulation

I Introduction

With increasing ciphasis on controlling the costs of deep space missions, scveral oplions are being examined
which decrease the costs of the spacecraft itself. One such option is to fly spacecraft in a non-coherent mode,
that is, the spacecraft does not carry a transponder capable of colierently returning a carrier signal. Historically,
onc-way Doppler data have not been used as thesole data type duc to the instability of spaceborne oscillators,
the usc of S-band frequcllic.its, and the corresponding error sources which could not be adequately modelled.
However ; with the advent of high-specd workstations and more sophisticated modelling ability, the possibility of
using onc-way Doppler is being re-examined. This paper assesses the navigation performance of various one-way
Doppler data types for use in interplanctary missions. As a representative interplanctary mission, the Mars
Pathfinder spacecraft model and trajectory were used to performi the analysis. Comparisons are given between
results employing Doppler data fortnulated as standard differenced-count Doppler (which yields a frequency
mecasurement) as well as accumulated carrier phasc (which yiclds a distance mecasurcinent, usually given in terms
of cycles). Combinations of one-way data obtained simultancously at two different stations and then differenced
(to produce an angular type measurcinent) and single station one way data arc shownto produce results whit.],
may satisfy future mission requircments.

Il Spacecraft Trajectory

In order to perforinthe analysis, a representative interplanectary trajectory was needed. The one used inthis
study is the Mars Pathfinder cruise from Fart h to Mars, 'The spacceraft is injected into its trans-Mars trajectory
011 January 3,1997, and reaches Mars on July 4, 1997. A schemn atic of this trajectory is shown in Figure 1.
It between, there arc four ‘Irajectory Correction Maneuvers (T'C:Ms) (on 'ebruary 2, March 3, May 5, and
June 24), withmeanmagnitudes of 22.1, 1.4, 0.2, and (.1 111/s, 1espectively. Thefirst two arc toremove an
injection targeting bias which the initial interplanctary trajectory contains inorder to satisfy planetary quarantine
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requirements. The final two arc used to preciscly target ihe spacecraft for its final approach and entry into the
Martian atmosphere. Since Pathfinder gocs directly from its interplanctary trajectory to atinospheric entry, the
aitn point of the targeting manecuversis chosen such that { he entry flight pathangle is between 14.5° and 16.5°1.
This corresponds to an entry corridor inthe B-p lance of about 50 kin wideinthe cross-track direction. The
downtrack and normal direction constraints arc chosen to ensure that the spacecraft reaches the landing site
with a 99% probability of being within a 200 km downtrack by 10(1 ki crosstrack ellipse!.

111 Doppler Measurement Model

When operating in one-way mode, the DSN mncasures the Doppler frequency of the carrier signal received from
a spacecraft by comparing it with a reference frequency generated by alocal oscillator. The two signals arc
differenced, and a counter mecasures the accunulated phase of theresultant signal over set periods of time, called
the count time. The total phase change over the count time, divided by the count time, produces a measurc of
the Doppler shift of the incoming signal, with which the range rote of the spacecraft can be inferred. This is
referred to as differenced-count Doppler, the standard mecasurement used for all decp space missions thus far, 1f
instead, the original phase data themselves arc used, a incasure of the changeintherange of the spacecraft over
the length of the pass is obtained, with the initial rangeat the stait of the pass being anunknown. Although in
principle this a fairly powerfuldatalype,it has not been used inthe past due to operational problems associated
with cycle slips, whereby the receiver momentarily loscs lock with the incomingsignal. Advancesin technology
over the years, however, have made cycle slips less frequent, and thus there is rencwed interest in examining the
possibility of using the phase measurcinent directly as a data type

The four data typesinvestigatedinthis study were onc-way Doppler, one-way diflerenced Doppler, one-way
phase, and one-way differenced phase. In order to obtain a qualitative underst anding of what information is
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avail able with these data, some simple equations will be presented. Neglecting error sources and relativistic
cffects for the moment, one-way Doppler data is approxiinately proportional to the topocentric range-ratc of a
spacccraft:

= fr(p/c) @
where
f = the observed Doppler shift of the carrier signal
Jr=the carrier frequency t ransiniticd by the spacecraft
p = the station-spacccraft range rate, and
¢ = thespeed of light.
Hamilton and Melbourne [1] derived a simple approximation for the topocentric range rate scen atl atracking

stationinterms of the cylindrical coordinates of the station aud t he geocentric range rate, right ascension, and
declination of the spacecraft:

prr ) wrgeosbsin(wl | g Ay - @) (2)
where
* = the geocentric range rate of the spacecraft
a, & = the geocentric right ascension aud declination of the spacecraft
w = the rotation rate of the earth
«s = theright ascension of the suu
7 As = thespin radius andlongitude of thestation.

Thus, the signal scen at the station represents the sum of the geocentric velocity of the spacecraft and short term
sinusoidal variations due tothe rotation of the Earth. Theamplitude of the sinusoidal variation is proportional
to the cosine of the declination of the spacecraft, and its phase includes inforinationabout the right ascension.
Now, if the signals received siinultanco usly at two stations are differenced, the geocent ric range rate drops out of
the equation and only the periodic variations are left. This implies that differen ced Doppler data are incapable of
directly mecasuring the range of the spacecraft, but can better resolve its regular position thau the undiflferenced
data. In addition, the differcniced data arc ncarly insensitive to short terin variations inthe velocity, such as
those duc to short thruster firings.

M eqn. (1) is now integrated over the interval fromtoto i, the following expression for the Doppler phase is
obtained:

b~ b1 o = fr(pe - pio)lc (3)
where
p = the topocentric range of the spaceeraft at thnest and 43, aud
¢ = the mcasured phase of the carrier signal at thnes 1 and Zo.

T'hus, the phase of the reccived carrier signal at a given time measures the change in range from the previous time.
At the beginning of the pass, there will be an unknown bias representing the initial range to the spacecraft. A u
analytical app roximation for the difference of two range measurcinents received simultancously at two  stations
can be written in terms of the bascline vector between them as [7]:

Ap = rycosbeos(ap - ) 4 ipsind 1)
where
rp = bascline component normal to the Earth’s spin axis
zp = bascline component parallel to Farth’s spin axis
ap = the baseline right ascension
« = the spacecraft right ascension

6 = the spacecrafl declinat ion.




Once again, it can be seen that differencing the data removes direct inforination about the radial distance to the
spacceraft andthe result is given in terms of its angular position.

All data usedin this analysis were assuined to be obtained at X-band frequencies (7.2-8.4 GHz). The
differenced data types were taken when the spacecraft was visible simultancously fromn two DSN stations above
an clevation cutofl of 15 degrees. This resulted in overlaps of roughly four hoursinlength occurring over the
Goldstone-Madrid and Goldstone Canberra basclines throughout the data tire. No data over the Canberra-
Madrid bascline could be obtained.

Data scheduling was set, as follows. Single station one-way data were takenduring every other passat all
three DSN sites, starting at the beginning of the Mars Pathfinder trajectory (January 3, 1997) aud cnding at
the data cutoff 011 June 19, 1997. This results inroughly 14,000 points(at 10 minute intervals). I'wo-station
differenced data was scheduled at every overlap untilthe data cutofl date, resulting in approximately 6000 points.
The assmined noise levels used were 0.1and ).0 cycles for phase data, and 0.05 and 0.5 mm/s for the Doppler
data.

IV Orbit Determination Error Analysis

Orbit determination is composed of severalsteps: generation of a reference trajeciory, compution of observational
partial derivatives with respect to the reference trajectory, and correction of the trajectory and error inodel
paramcters using an cstimation algorithm, or filter. The associated error covariance of the estimated paramcters
is also obtained as part of this procedure.The error covariance analysis was performedusing amodified version
of JPL’s DPTRAJ/ODY software called MIRAGE [3]. MIRAGE offers au immproveinent over the ODP in that
it is capable of modelling time varying stochastic parameters which have diflerent ”bateh” lengths, that is, time
steps over which thie paraineters arc piecewise continuous.

In order toobtain a realistic cstimate of the covariance, the dynamic forces affecting the spacecraft and
the error sources aflecting the data must be modelled properly. A detailed analysis of these model parameters
has already been performed for the Mars Pathfinder mission2; the results will be sunnnarized here. Inthe filter
modecl, al knowndynamic paraincters and significant, Doppler error sources arc modelled and explicitly estimated.
T'he dynamic parameters included the spacecraft state (position and velocity), coefficients for solar radiation
pressure, random non-gravitational accelerations, and spacecraft inaneuvers. The solar radiati on pressure and
random accelerations cach have three components: a radial one along the earthline and two cross line-of-sight
ones which arc mutually orthogonal to theradial direction. Thesc ac modelled as stochastic Gaussian colored
noise paramecters, that is, an estimate is made for the parameters within cach batch, and their values from one
batch to another arc statistically correlated with a characteristic decorrelation time input by the user. The
solar radiation pressure cocflicients vary slowly over the course oft he missionas tlic reflectivity of thespacecraft
changes so the decorrclation time of these parameters was set to 60 days. The uncertainticsare roughly 5% of
the nominal values of the coeflicients. Stochastic accelerations arc needed to inodel sinall thruster firings, such as
those used for attitude updates. The sive and frequency of these firings results in accelerations with decorrelation
times of 5to 6 days andanrmsmagnitude of aboutl 2x107'? kin/s?in the radial direction and 1x 10712 kin /s?
in the crosstrack directions. Spacecraft mancuvers arc deterministic in nature and, in gencral, can be model led
as impulsive velocity changes placed at the midpoint of the mancuver time. Experience on previous missions
has shown that the mancuver magnitude can be controlled to around1% accuracy, so the a-priori uncertainty
inthe manecuver paraincters was set, to 1% of the expected size of the AV for each midcourse maneuver. No
constraints were placed on the direction. Table 1sumnarizes al of the statistical values used inthe filter.

Error sources which affect the data include inedia calibrationerrors (wet anddry t roposphere, day and night
ionosphere), solar plasina eflects, Ilarth platforn calibration errors (station location in cylindrical coordinates,
pole location in cart esian x and y coordinates), and larth rotation (U'T'C). The delays in the signal caused by its
path through the troposphere and ionosphere arc niodelled, but er rors still remain. Currently, the troposphere
modecl is good 1o 5 cinand theionosphercto 3 cm [4]. The errors vary at a relatively high frequency, and so the
decorrclation time is set toa few hours. The station location set andils associated uncertainties arc the 1Dk 234
coordinates developed for use by the Mars Observer (M()) misssion. Thestation 1ocation uncertainties were
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Table 1: A-priori 1o Uncertaintics of Filter Parameters

r ]ifanwt(‘r o i/\ pr]brl'Unccridmtyi (:OIrC]at]QII !1me
' “Position (x,9,2) B ]907()7}171] -
i Velocity (2,9, ?) ' B 10m/s | -
~ Solar ]{d(]latloniﬁ(isisiiﬁrEhCO( {licient (I‘ad]d]) 007 | 60days
Solar ]{ad]dtlon Pressure Cocefficient ((‘I‘OS?].;{I( of- nglT)Ai 002 60 days )
" Slochastic Acceloration (radial) | 24x10° 2w/ | 5days
Stochashc Acco]mdl]on_(ic"]ios:ﬂino of»s@jﬁ)r e — Ogiib 12 m'm/'sﬁ' ; 5 days
7 Mancuvers 0 of 11()mmdl Vd]ll(‘ -
Sldtlon ]:()(‘dllOI]S (epm radius, #- lnolglnt longltudc) 0.1 mo R
- ~ Troposphere (W(‘l) 777777 o ﬁ ;ﬁ 5 em s 2 hours
Dry Troposphere ((]ry) 5 cm 7 | ~ 2hours
o lonosphere (day) | 3 an 4 hours
- ]7();]0@])1lCrT:(:iGlVliglrlT)ﬂ N S e T 77 7] rlnouri o
PoleXandY | 0Qm | 7772 days
L ]‘/dl‘lll ]{otdllon ure)y o | ﬁ 0 Abm - lday

modified to approximately account for precession and nutationmodelling errors as well. These values arc assuined
fixed for the duration of the Pathfinder trajectory. The polar mmotion and U1'CC variations can be predicted by
the DSN to alevel of around 10 to15cm,and they vary onthe order 1 1o 2 days. The a-priori uncertainties of
these error mmodel paramecters, along with their characteristic decorrelation time if they arc stochastic variables,
arc also showninTable 1. One point to note is that the Mars ephemeris uncertainties were not included inthe
filter. This was done so that the computed dispersions reflect only the strengths and weaknesses of the datain
determining the spacecraft  trajectory.

When one-way Doppler data arc used, scveral addit ional error sources nust also be taken into account.
For single station data, the largest error source is the frequency drift of thespaccerafl oscillator. Ultra Stable
Oscillators of the class used by the Galileo and Mars Obscrver spacecraft are expected to be stable to around 1
part in 10'% over time spans of around a clay. Qver longer time spans, however, the frequency will wander ant]
must be modelled. The method used to model this error source is to treat the bias as arandom walk parameter.
Qualit atively, the random walk model allows the paramecter tonove away froniits value at the previous batch
time step by an amount constrained by its given a-priori uncertainty. It diflers from a Gaussian white or colored
noisc stochastic parameter in that the parameter dots not simply oscillate aroundits mmean value, but is allowed
to wander from onc time step to the next. This model was also intended to approximately account for solar
plasma fluctuations, whichinduce frequency variations onthe order of 1 partin 10’“over one day. For this
study, a fairly modest stability of 1 partin10° over the course of a day was assumedto be the nominal. The
value for the oscillator bias is updated cvery hour,andits a-priori sigma corresponds to the change in frequency
over an hour expected for the givenstability.

The one-way Doppler phase formulation requires six additional parameters inthe estiinate list. Phasc data is
mecasurcd by counting theinteger number of zero crossings of the signal; a resolver thendetermines the fractional
portion of the phase at a given time. Initially, however, there will be an ambiguity in the nuinber of cycles it
took for thesignalto reach the ground, and the phase when the receiver locks outo thesignal.To account, for
this, a p hasc bias at all threc DSN stations is included in the filier. The a-prioriuncertainty of the bias is set
to 1000 cycles (cssentially infinity), andthe parameter is reset atthebeginning of eachpass. Also, during data
acquisition, the station clocks have sinall drifts relative to a time standard which cause the phase count to drift
as well. The drift is calibrated at the stations using data from the Global Positioning Systein, but residual errors
remain. The magnitude with which the drift manifests itself in the phase count is about 6x107? cycles/see, so a
phase drift paramcter with this value for thea-prioriuncertainty is also included inthe filter. Once again, the
parameter is reset at the beginning of cach pass.

The primnary advantage of using diflerenced data is that the spacecraft oscillator drift is effectively cancelled
oul. when thie single station Doppler data arc differenced, thus removing a major error source. However, an
additional error source will appear:the asynchronicity of the clocks at the tworecciving stations. Currently, the
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Table 3: 10 Dispersion Ellipses in_ |Radial-Transve ie-Norimal Coordinat
Data Type(s) Used Data Weight (]{x’J xN) (km)
[ 17| 22way Doppler ©0.05 mm/s 3.9 x64x 7.2
4 2-way Range 2.0111
2 | Diffemlced’ 1 -way Phasc D.1cycles | 360.9x20.3x 11.6
3 | Differenced 1-way |’ base 1.0 cyc](s 476. 8)«23 Ox 12.1
4 | Differenced 1-way Doppler (.05 mm/s 498.5 ‘23 7Tx11.3
5 | Differenced l-way Doppler 0.5111111/5 1307.0 x 63.3 x 19.¢
G-| Differenced 1-way 1 *hasc 0.1 cycles 66.4x 10.8 X-11.5
+ I-way Phase 0.1 cycles o
7 | Differenced 1-way Phasc 1.0 cycles 68.7 x 12.1x 12.1
4+ l-way Phasc 1.0 Cycle>
8 | Differenced I-way Doppler | 0.05111111/5s 76.9 x12.7 x 11.17
+ l-way Doppler 0.05 mm/s
9 | Differenced I-way Doppler | 0.5 min/s 254.1 x 33.7 x 18.7
+ 1-way Doppler 0.5 mm/s
10 | Differenced 1-way Phasc 0.1 Cycles| 6.7 x 83 X"]1]
+ 2-way Doppler 0.05 111111/s
11 | DifTerenced 1-way Doppler | 0.05 mm/s 6.8x 8.4 x10.8
| i 2-way Doppler 0.05 mun/s
12_| 2-way Doppler 0.0bmm/s | 144x 144x 23.7

clocks arc calibrated toabout the 5 nsec level (based oncxamination of Frequency and Thining Standard reports
distributed weekly by the DSN)between cach pair of stations. Thus, a parameter which represents this timing
mismatch is added to the filter estimate list. In addition, the differenced phase data still requires parameters
to model the phase bias and drift which, in this case, arc errors in the differenced phase measurement due to
relative clock drifts between the two station pairs. The magnitudes of the uncertaintics arc kept the same as
before. All one-way measurement error parameters and uncertainties arc suminarizedin ‘Jable 2.

V Results

Although normally the results of a covariance analysis of an interplanctary trajectory arc giveninterms of
encounter coordinates, the so-called B-plane system, it is moreinstiuctive in this case to present the uncertainties
in radial- transverse-nort nal (RI'N) coordinates. In RY'N coordinates, the radial direction is along the Farth-
spacecraft vector, the transverse direction is inthe plance defined by the radius andthe velocity vector, and the
normal direction is perpendicular to both, foriming an orthogonalt riad. When viewed inthis fraine, it is easier
to scc in which direction the various data types have their greatest strength.

"T'able 3 shows the results of the covariance analysis in RI'N coordinates for al combinations of datatried thus
ar. The first elementinthe table is a “nominal” result, using astandard tracking schedule for Pathfinder which
includes standard two-way Doppler and range. It can be seen that the radial uncertainty is best deterinined,
with the cross linc-of-sight direct ions being marginally worse with a maximum uncert ainty of 7.2 km. These
results whenmappedto the Mars B-plane arc suflicient to mect the requirements of Pathfinder.

The second and third entries in the table were obtained using only one- way phase data, weighted at 0.1




and 1.0 cycles, respectively. The result clearly shows the ability of the different ia dafa type to determine the
angular position of the spacecraft as seen from the Barth. Using a data weightof 0.1 C}Q‘vﬂs the porinal direction
is determined to 11.6 kmn, which compares fairly well with the 7.2 kin result jusing Doppler and range. The

uncertainty in the transverse direction does not compare quite as well, shout a factor of threg'times worse than

the nominal, but is still at a reasonable magnitude. The radial dircction however, is very/poorly determined,
with the uncertainly using differenced phase data being about two orders of magnitude wérse than the standard
case. Changing the data weight from 0.1 to 1.0 cycles has little eflect in the transverse and normal directions,
butdegrades the radial siginaby around 30%.

For comparison, the uncertainties using differenced one-way data formulated as Doppler frequency measure-
ents were also examined (entries 4and 5 inTable 3). Theresults arc fairly similar to those of diflerenced phase
datainthe transverse and normal directions whenthe tighter dats weight was used on the differenced Doppler.
With the data weighted at 0.5 11111175, however, the numbers arc degraded considerably, especially in the radial
direction,

Duc to its inability to eflectively discern the range to the spacecraft, itishi ghly unlikely that one-way
diflferenced data alone would be sufficient to satisfy the navigation requirements of any realistic missions. It
is desirable thercfore to augment the differenced data with another data type, the obvious choice being single
station onc-way data. Fntrics 6 and 7 in ‘Jable 3 show theresulls of combining one-way phase with diflferenced
phase at the two data weights. The effect is quite dramaticinthe radial direction, with the uncertainty brought,
down from 360.9 and 476.8 kinto 66.4 and 68.7 km. This is still over an order of magnitude larger than the
nominal case, but it is now at alevel which could satisfy mission requireinents. n the transverse direction, the
uncertaintics were brought down to very near the values of thenominal. The additional data had almost no
cffect in the normal direction. It is interesting to note that with the additional data, the data weight made very
little difference in the final results.

The same effect is scen when one-way Doppler data is added to differenced one-way Doppler at the tight data
weight (entry 8 of T'able 3). The uncertainty values in t hetransy crsc and normal directions arc. are now fairly
closc to those obtained with the phase data, and the radial sigma is only worse by around 1 5%. The casc with
the lower data weight (entry 9 of Table 3), however, does not show similar behavior. The radial sigma has been
brought down by an order of magnitude, but its value is still too large to be of usc inany missions.

Fntries 10 and 11 inTable 3 snow the results of using diflerenced phasc and 1 Yoppler augmented by standard
two-way Doppler data al a rate of one pass per week. Thisresull is included to show what to expect if aspacecraft
has a transponder onboard but with no ranging capability. These values indicate that navigation performance
is only slightly degraded if two-way range is replaced by the differenced one-way data types. Comnparison with
the final entryin the table (2-way Doppler only) shows that the differenced data typeimprovesthe solution by
a factor of twoin al three components.

Theresults so far using one-way data assumnc aspacecraft oscillator stability of oncin 109 over the course of a
day. Thequestion canthenbe raised as to how a better or worse oscillator would aflect the orbit determination
accuracies. Theeflcet would benegligible if only thedifferenceddata types were usc(l, butit will make a difference
whensingle station data is added. }Migure 2 andFigure 3 present the results whenthe oscillator stability varies
fromone part in 10 to oncin 10'* over one day for the differenc ccl phasc plus phase, and diflerenced Doppler
plus Doppler cases, respectively. Inboth cases, the tighter data weight was assuimed. As canbe seen from these
plots, there is a sharp knee in the curve which takes place at around the10'" value inthe radial directions
for both phase and Doppler. The transverse and normal siginas change very little as a function of oscillator
st ability. At a stability level of 1012, the phasc formulation case is now quite comnparablein al threc components
to the standard two-way Doppler and range results, andt he Doppler fortnulation is only slightly worse. I'urther
improvements in stability do nol seem to make much difference. Thisimplies that a spacecraft carrying a 11S0
of the class used by Galilco or Mars QObserver can conceivably approachthe navigation) accuracies achicved with
two-way data types.

Another useful figure of merit is the amount of single stalion one-way data cinployed. Thenominal results
arc based 011 a densc tracking schiedule of using every other aval able pass. Figures 4 and 5 present the results
if the amnount. of single station data is reduced to one pass per clay, one pass per Week, and one pass per month
(the differenced data arc assumed to remain a the nominal schedule, and the tight data weight was used). Once
again, it can be scen that the transverse and normnal siginas are affected very little. The radial sigmas, however,
show small changes when the data is thinned to once per day, andthen amarked degradation when thinned
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further. The effect is more pronouncedinthe case of the diflerenced phiase Doppler formulation, with the radial
sigma dropping from its nominal value of around 80 kinto a worst case of ncarly 200 km. The phase formulation
dots not suffer as much, as the deerease is only from 65to 120 ks,

VI Conclusions

Theresults of this study suggest that a combination of single station aud two-station differenced one-way data
Lypes may be a realistic option for some interplanctary missions. This may be somewhat surprising because it
has long been assuined that a very stable frequency is needed to render one- way data usable. However, it has
been shiown here that with a modest oscillator, reasonable results can be obtained by combining data which
have diflerent strengths and with the proper inatheinatical formnulation of the data and filter. 1n particular, the
estitnation of the spacecraft’s angular position inthesky canbe nearly as good as with standard data types,
although the spacecraft’s radial position is relatively poorly determined. If avery good oscillator (stability of
one part in 10'? over a day, or better) is available, thenthe accuracy inall three coinponents inay app roach
those obtained with standard navigation data types. Onc point to note, though, is that the oscillator stabilities
were mecasurcd over a day. Ior anoncoherentsystemiobe confidently usc(r would require pre-flight testing of
the oscillator over these time periods;something which has not been generally done inthe past. Also, the results
indicate that the phase formulation of Doppler data is superior insome respects to the diflerenced phase Doppler
formulation in terms of navigation accnracies, At the tight data weights aud with good data coverage, the values
arc comparable, but the phase data shows less sensitivity to decreasing data weights or coverage.

In practice, the choice of usingfnonfcohcrcnt. data types for navigation depends onthe particular nission
scenario and its requirements. In t]ic''casc of tlic Mars Pathfinderinission, the geometry of the trajectory is such
that the radial uncertainty maps ahnost completely into the time-of-flight dir ection (parallel to the incoming
asymptote of the trajectory) inthe Mars ll-plane. Since the critic a requiremnent is to maintain the proper entry
angle (determined by the components perp endicular to the incoming asymptote), the degradation in performance
is not severe. For example, if the entire Barth-Mars transfer were navigated using only differenced ant] single
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station one-way phase, the probability of successful entry is still approximately 70%4 (the probability is over
99% using two-way Doppler data). This value is obviously toolow for Pathfinder to use non-coherent data as
its baseline, butit is acceptable as a backup if the transponder fails. If tile spacecraft were {o gointo orbit,
however, the navigatior 1 accuracies using non-coherent data might be adequate, depending on other factors such
as propellant constraints, orbit aintcnance requirements, etc. For missions whose geometry results in the radial
sigma being of primary importance though, the switch to a non-colierent navigation system may not be advisable.
Ultimately, the trade-ofl between cost and performance must be evaluated on a 1nission- by-mission basis, and no
onc answer is applicableto all cases.

A cknowledgements

The author would like to thank Vince Polhneier, Sam Thurinan, and Picter Kallemeyn for their valuable sug-
gestionsandinsights for this study. Also, Pcter Wolff's helpinusing the MIRAGE software set is deeply
appreciated.

References

1. ‘1. W.Hamilton and W. G. Melbourne, ”Information Content of a Single Pass of Doppler Data From a

Distant Spacccrafl”, JI’L Space Programs Summary 87-39, vol. 111, March-April 1966, pp.18-23, May 31,
1966.

o)

. 5. W, Thuri nan, ”Deep- Space Navigation with Differenced Data Types Part 1: Differenced Range Inforina-

tion Content”, TDA Progress Report 42-103, Jet Propulsion laboratory, Pasadcna, California, pp. 47-60,
November 15, 1990.

3. J. R. Guinn,and 1'. J. Wolff, ”TOPEX/Poscidon Operational Orbit Determination Results Using Global
Positioning satellites”, Paper A AS 93-573, presented at the AA S/ATA A Astrodynamics Specialist Confer-
cnce, Victoria, B.C., August 16-19,1993.

‘1".11. Kallemeyn, personal communication.

10




4.Decp Space Network System Functional Requirements and Design: Tracking System (1 988 through 1993),
DSN Document 821-19, Rev. G, (JPLD-1662, Rev. C), April 15, 1993, p. 3-4.

11




